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ANALYTICAL1 INVESTIGATION OF FLOW DURATION IN THE CONV.AIR HYPERSONIC
SHOCK TUNNEL

SUMMRY

\>,.Oae analytical procedure used to calculate the steady flow duration in a

hyersonic shock tunnel i s preseted. Thbe results of this procedure applied to-

the Convair Hypersonic' Shock Tunnel are given. It is shown that for very low

"dlaphragm pressure ratioi : 4,1;I ,540. the steady flow duration is non

existent. For low diaphraem pressure ratios, 6., ' p/p , 2000 which in-

eludes the tailored interface condition the steady flow duration is quite small.

'TIThis a result of pressure attenuation caused by the expansion aves reflected

from the end of the diver. ,

DistP±bution of this doomen,.
is unlimited.
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SYMBOLS

a Velocity of sound

A area

Eij Dimensionless internal energy ratio

g Equivalence factor [equation (2)]

M Mach number

p - pressure
PiPilt Dimensionless pressure ratio PJ

t Time

u Particle velocity

U Dimensionless partic?.e velocity -

ij aj

x Position along shock tube measured from diaphragm
C

7 Ratio of specific heats, -

v

7-

27-

P Density

R Rarefaction wave

S Shock wave

I wo,
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INODUCTION

The hypersonic shock twnel is a development of the basic shock tube1 in

which the shock tube is used to produce a reservoir of high temperature, high

pressure air which is expanded thru a nozzle to obtain the desired test condi-

tions. Even though the shock tube is basically an unsteady flow device there

are several regions in which the flow is steady and can be used as the reser-

voir. The durations of these steady flow regions in the basic shock tube are

quite short, being of the order of a millisecond or less.

I. The steady ilow duration of a hypersonic tunnel is determined by the

duration of the steady state reservoir. The required flow duration may be

about a millisecond for adequate measurement of pressure and Leat transfer

characteristics but should be two or three milliseconds for force measurements.

Two modifications of the basic shock tunnel that have been developed to increase

the available test time are the caflected shock design2 and the tailored in-

terface design. 3

The duration of the steady flow reservoir and hence the test time avail-

able is a function of facility size and design as well as of the characteristics

of the gases and initial pressure ratio used. This note will explain the

I analytical procedure used in calculating steady flow duration and will present

the results of the flow duration analyses of the Convair Hypersonic Shock

Tunnel.

CONVAIS Sm 9-1011-IA
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Di scussion

Wave Diagrams and Run ''ine

One of the most useful devices in analyzing shock tube flow is the wave

diagram. The wave diagram is a p.ot of the wave patterns in the x,t, plane

where in the case cf a shock tube, x is the longitudinal distance along the

tube and t is the time. Figure 1 presents the wave diagram for a simple

shock tube and the corresponding flow picture inside the tube at a time tl.

Figure 2 compares wave diagrams for the simple shock tunnel, the reflected

shock modification and the tailored interface technique. The available test

time for each of these methods is also shown in Figure 2.

6
Tbe simple shock tunnel, merely has an expansion nozzle at the down-

stream end of the driven section. T1he available run time is basically the

time difference between the arrival of the initial shock wave and the contact

surface at the nozzle.

The most coimion modification to the basic shock tunnel is the reflected

shock design in which the expansion nozzle is replaed by a conventional con-

vergent-divergent nozzle. 2 The nozzle acts like a plate, almost completely

reflecting the initial shock wave. The run time for this modification is the

time difference between the arrival of the initial shock wave and the wave re-

flected from the contact surface.

1he tailored interface shock tunnel is merely a special case of the re-

l±ected shock modification.4" In this case the acoustic impedance is matched

at the intersection .f the reflected shock and the interface so that no wave

is reflected from the interface. The available test time is the time difference

C SNV*1IS $£ -Iil4-IA
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between the arrival of the initial shock wave and the unsteady expansion waves

fi propagating downstream from the diaphragm.

These definitions of available test time assume that the expansion waves

propagating upstream and reflecting from the end of the driver do not overtake

the waves propagation downstream before the events described above take place.'

Wave Diagram Construction

Bie method for constructing a wave diagram will be described for a shock

tunnel with an area change at the diaphragm and a convergent-divergent nozzle

at the end of the driven section. The wave diagram of such a tunnel is shown

in Figure 3. Also shown in Figure 3 are the pressure distribution and wave

picture along the tube at a time t.

The first stcpj in constructing the wave diagram is a knowledge of the

initial conditions in the driver aru driven sections of the shock tube before

rupture of the diaphragm. These include pressure, temperature speed of sound

and the ratio of specific heats, y. Given these initial conditions the pres-

sure rise across the initial shock can be determined by an iterative procedure

from the following equations for a shock tube witb an area change at the

diaphragm.7 2y4

P214 u2 4-1

41 (1)
9i a, a a 4 2

where g io an equivalence factor given by 2Y4

2 + (74_I1)M 3 2 + (Y4-1)M3 (2

COHVAII I 9-114-IA
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Since A is the inimum section, M3 is equal to unity but M43 must

still be determined in order to solve for g in equation (2). M3 can be deter-
A4  a

mined from the following equation since the area ratio is known.
74+1 A,

A 4 M 3 12 + (74-l) 1 3(3

For the Convair facility these equations have been solved for two initial

driver conditions and the variation of initial shock pressure rise as a function

of diaphragm pressure ratio is presented in Reference 8. This curve is repro-

duced herein as Figure 4.
P

Given the pressure rise Pi across the shock the other quantities across

the shock can be obtained from the cLarts of Reference 9. The two quantities

of ium.diate interest are the initial shock velocity Us and the flow velocity

u2 behind the shock. The flow velocity U2 is also the velocity of the inter-

* face or contact surface.

The pressure and particle velocity are the saine on each side of the con-

tact surface. Assuming the driver gas expands isentropically at a constant 7,

the speed of sound of the driver gas at the contact surface can be found from

74-1 74-1

(32 -3 4 4 (pp) (4)

The initial shock reflects from the nozzle bringing the flow essentially

to rest. The velocity of the reflected shock, USR, and the values of the

thermodynamic properties behind the reflected shock are also obtained from

Reference 9.

COeunwA ,S o ,- t
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The flow behind the reflected shock is not brought completely to rest

since there is outflow through the nozzle. The exact velocity in region 5

can be obtained by Rolving the continuity equation

P5A5U 5 = P6A6uo (5)

An iterative procedure is used to find the conditions in region 6 which

yield a Mach number of unity. The flow is assumed to expand isentropically

from the reservoir with a negligible initial velocity, u 5 . The Mollier

diagram of REference 10 is used to solve the energy equation.

2
h5  hG + u6 (6)

5 6 26(6.11rhe flow properties which satisfy equation (6) and yield a throat Mach

number of unity rtre substituted into equation (5) and the actual reservoir

velocity, us, is obtained.

TBie next step in constructing the wave diagram is calculating the inter-

action of the left running reflected shock wave and the right running contact

surface. Such interactions are discussed in References 4 and 5. In general

the interaction will result in both a transmitted wave and a reflected wave.

The type of reflected wave depends on the shock strength, P5 2 , and the internal

energy ratio, E32 .

For the case of a reflected shock wave 5

+ P-l

F32 1 - P25P57 L 2+p57 j (7)

atP + I
w1iere h = - (8a)

a2 + P25
1 - ,P25_."(b

k = (Sb40'2P25 + 1

2 25
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a + P
E ' 32 32 (8c)3 P25

,qle use of a reflected rarefaction wave is given by

Pa P-f( P21 )V" 2  1- 0. (9)
75 +  P75 P75 + P25

where f 02 P25 (lOs)
S2P25 + -

= (1 - P25) [ 2 P 5 +l (lOb)

E15 ? C + P325 (lOc)
"2 P25

Relations (8 c) and (lOc) determine the type of reflected wave. Equations

(7) or (9) can be used to calculate the pressure ratio across the reflected

wave. Tis pressure ratio can be used to calculate the flow velocity after

the wave from the following equations1 1

a7 = M5 +7 LP I for a rarefaction wave (11)

or7 = M5 + P75 for a shock wave (12)aP "(a P75+1)

In using equations (7) through (12) Uhe assumption is made -hat the value

of 7 for each gas does not change across the reflected wave.

A special case of this interaction between the shock wave and the contact

. surface occurs when the following relation is satisfied

a. + p
"2 P25

(13
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Tis is the tailored interface condition in which there is no reflected wave.

Since there is no reflected wave from the contact surface the follo.-ing rela-

tioas must also be satisfied.

u8  u 5

so therefore

'8 5 - (15)
P 5

u 5 -ua 2u 8 -u 3

the change in velocity across a shock is given by

6u [7 2 _ i(6

Combining equations (15) and (16) gives

72(2- L)( + ) 73(73 - 1)(i + 0 P)2 a32- (17)
2a 2

3

which must be satisfied if there is to be no reflected wave.

The driver gas expands to the conditions in region 3 through two unsteady
ax

expansions and one steady expansion. The slope of an expansion wave, A , in

the x,t plane is given by
dx

t-- u - a for a left running wave (13)
dt

= u + a for a right running wave (19)

dt

In order to constract the wave diagram it is therefore necessary to know the

velocity, u, and the speed of sound, a, at each point of interest. For a non
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steady expansion12

2 a + u a + u (20)

7- i 7-

For a steady expansion

2 2 2 2 a 2 2
7-l = - j (21)

and since all expansions are adiabatic

i ( - 1
ai~Pl\ 2 7(22)

Equations (18) through (22) can be used to calculate the flow velocity

and speed of sound at any point in the initial expansion wave flow field.

The last wave of interest in constructing a wave diagram to Cetermine

steady flow duratien is the rarefaction wave reflected from the end of the

driver. The propagation of this wave is calculated using the flow properties-

determined from the initial expansion wave analysis described above. This

reflected rarefactio. wave i a right running wave so the velocity of propaga-

tion is given by equation (19).

RESULTS

lihe above method of constructing wave diagrams has been applied to the

Convair Hypersonic hock Tunnel for two sets of initial conditions using the

theoretical initial ,hock wave data of Figure 4. One of these initial condi-

tions is for a relatively low diaphragm pressure ratio, P41 = 540, and the

other is for a tailored interface condition of higher pressure ratio. The

exact initial conditions and the resulting wave diagrams are presented in

Fieu.res 5 and 6. Iffliese wave diagrams have been computed for both the present
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driver, length 5.4 ft., and for a driver extended to 13.1 ft. so that two

ruf- ±-,td ",.ufaction wavc3 arx shomm in each figure. For clarity the effect

of the rarefaction iave reflected from the end of the present driver upon the

other waves in the shock tube has not been shown. It is readily seen in Fig-

arcs ) and 6 that the reflected rarefaction wave in the present driver w4ll

attenuate thL rcsvrvoir pressure and therefore lead to a time gradient of
dy~amic pressure at the model.

FiCJrt 7 shows st ady flow duration as a function of shock Mach number

with cut off lines for three drvur lenths. it will be seen tat the present

driwv r length reduces the stt ady flow duration for M. = 9.7. S effect of

this in reducing the operating range of the tunnel is shown in Fir 8. It

appear.s that steady simulati3n cf conditions below 15,(XYi ft./sec. would be

eliminated.

la Figure 7 the tailored interface condition is shov as being achievable

ovrcr only a very iarro; band of shock Mach nuzbers. In practice, however, the

-hock vaves and c:pansion wves r fL.fct..d from the contact surface for a band

-f shock :=acn nubcrs near this condition should nct be sufficiently strong

t- effect the flev over the model siL-nificantly. Therefore, the tailored

int-rfc CocD.:t maj be zfftcti%-r if ;ood control of shock velocity is attain-

eel.

If 'an 8 ft. etcnsion ic mtdt, to the driver, the mtLd.nnm tailored inter-

fac flc%, duraticn may oc obtained w, well as virtually _..iminatinZ the limits

on the r.A1l"ecti:d shock case.

A decsieln on the leazth of vxtension to be selected should be based on

f b.w d,n'at'on i. s"rements in the facilty since at least two uncertainties

CONAIR S0 1-1614-
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apply to .these clculations. The speed of sound in the driver gas has been

obtained by thermodynmic calculations of the combustion . ocess and may be

in considerable error. Also no allowance has been mode for shock attenuation

due to viscous effects in the driven section.

Prepatred by //P_____ooht

Chief, Fluid Dynamics
Rest orch

CONYAIR SO 6-1111-
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